Introduction 10
The adhesion of cells to the extracellular matrix (ECM) has a profound impact on celullar behaviour, 11 influencing cell spreading, migration and differentiation. 1, 2 Precisely how cells sense their 12 environment is still unclear but it is now well-established that the mechanical properties of the ECM 13 play an important role.
3-5 Studies on 2D model substrates, typically polyacrylamide hydrogels, have 14
shown that cells spread more on stiff substrates and tend to differentiate into lineages reflecting the 15 stiffness of the substrate.
3 Hydrogels composed of flexible synthetic polymers, however, do not 16 adequately represent the physical nature of the ECM. The extracellular biopolymer networks in the 17 human body, for example collagen and fibrin, are usually fibrillar and are composed of crosslinked 18 semiflexible fibers. These fibers are formed through bundling of individual filaments, leading to a 19 complex hierarchical structure. 6 This structural design gives these networks unique mechanical 20 properties known as strain stiffening, i.e. their stiffness increases under deformation. 7 The mechanics 21 of these biomaterials are thought to play a fundamental role in their biological function through a 22 process of mechanotransduction. [8] [9] [10] [11] In contrast to natural ECM gels, commonly used synthetic 23 hydrogels do not possess such strain-stiffening properties and their stiffness remains constant up to 24 very large strains. 7 In recent studies it has been shown that not only bulk mechanical properties, but 25 also the specific interaction of cells with individual fibers is crucial in tailoring the cellular response. In our study, we are interested in tailoring the structural properties of the fibers of a 1 biopolymer network and studying how this influences cell behavior. As a model system, we chose 2 fibrin, a plasma protein that has a natural function as a cell scaffold during wound healing and is 3 popular for clinical and bioengineering applications. 13 Here, we show two different approaches for 4 changing both the individual fiber architecture and the bulk gel mechanics of fibrin hydrogels. In the 5 first approach we added extra thrombin to the fibrinogen solution, which results in an increase of the 6 fibrin polymerization rate and changes the architecture of the resulting fibrin fibers. In the second 7 approach we combined fibrin with a second polymer network based on synthetic 8 polyisocyanopeptides (PICs).
14 This synthetic polymer based hydrogel has been shown to exhibit 9 strain-stiffening behavior in the same stress range as many biopolymer gels, including fibrin. 7, 13, 15 10 This similarity of the mechanical properties prompted us to combine the PICs with fibrin in order to 11 tailor the mechanical properties of the fibrin network within these hybrid hydrogels. We confine our 12 studies on fibrin/PIC hydrogels to planar substrates, as cell spreading and differentiation as a 13 function of the mechanical properties of the substrate have been extensively studied in 2D. 14 15
Results

16
In the present study, three series of fibrin gels were prepared with a fibrin concentration ranging 17 from 1 to 5 mg mL -1 . In the first series, fibrin gels were formed by mixing fibrinogen solutions in PBS 18
with an equal volume of cell culture medium (DMEM + 10 % FBS). The thrombin present in the FBS 19 converts fibrinogen into fibrin monomers and initiates their association into a network of fibrils. The 20 second series of fibrin gels were prepared similarly to the first series, but an additional 0.5 U mL -1 21 thrombin was added to increase the rate of gelation. For the third series, fibrin/PIC composite gels 22 were obtained by mixing fibrinogen solutions with 2 mg mL -1 solutions of PIC in cell culture medium 23 in the liquid state on ice. Heating this mixture to 37 ˚C leads to the formation of a PIC network due to 24 the LCST nature of this polymer and activation of thrombin. In this way, a fibrin network is formed 25 within the pre-formed PIC network. Confocal microscopy on fluorescently labelled fibrin showed that 26 the fibrin network structure is significantly altered by the presence of PIC, resulting in a more 1 heterogeneous network of thicker fibrin bundles. In contrast the fibrin and fibrin + thrombin gels are 2 not significantly different ( Figure 1A) . 3
The structural differences in the fibrin networks were further analyzed by turbidimetry.
16, 17 4
This technique provides quantitative information on the diameter and molecular packing density of 5 individual fibers by measuring the scattered light intensity as a function of wavelength. 18 For a 6 suspension of randomly oriented, long and thin cylindrical fibers, the turbidity is a function of the 7 fiber radius r, the mass/length ratio of the fibers µ and the fibrin concentration c (details in 8 experimental section). The fiber diameter is known to be dependent on the fibrin concentration, 19 9 but several trends among the three series can be observed ( Figure 1B ). The fiber bundles in normal 10 fibrin gels of 1 to 5 mg mL -1 have an average diameter that systematically decreases with fibrin 11 concentration from 240 to 210 nm, consistent with prior work. 20 The presence of PIC resulted in an 12 increase in the bundle diameter: the average diameter ranges from 270 to 230 nm and is larger than 13 for pure fibrin gels at each fibrin concentration examined. The addition of extra thrombin to the 14 fibrinogen solution had little effect on samples of low concentration (1 and 2 mg/ml), but led to 15 thinner bundles than in pure fibrin gels at high fibrin concentration (3 -5 mg/ml). Under these 16 conditions, the diameter systematically decreased from 250 to 180 nm with increasing fibrin 17 concentration. Based on the measured mass/length ratio of the fiber, the number of protofibrils per 18 fiber N can be extracted from these measurements ( Figure 1C ). For pure fibrin networks, N increased 19 with fibrin concentration, from 90 protofibrils per fiber at 1 mg/ml fibrin to to 110 at 5 mg/ml fibrin. 20
The addition of extra thrombin had little effect on samples of low concentration, but resulted in a 21
higher N for the high concentration gels. The maximum number of protofibrils per fiber was now 150 22 at a fibrin concentration of 5 mg mL -1 . At the lower fibrin concentrations, thrombin can be assumed 23 not to be the limiting factor in the gelation process and thus the addition of extra thrombin has no 24 effect on the resulting gel structure. Surprisingly, the presence of PIC caused a reduction of N over 25 6 the entire fibrin concentration range, with N now ranging from 70 to 100. Apparently, the molecular 1 packing density of the fibers is reduced in the presence of PIC. 21 2 From the combined information on fiber diameter and the number of protofibrils per fiber, 3
we can calculate the protein mass density within the fibers under the assumption that the fibers 4 have a cylindrical shape ( Figure 1D) . 17 Since the fibrin fiber diameter is largest in the fibrin/PIC 5 composite networks while the number of protofibrils per fiber is the smallest, these fibers have a 6 much smaller protein density (30 -60 mg mL -1 ) than in the case of pure fibrin and fibrin/thrombin 7 networks. For the pure fibrin networks, the density increases from 40 to 80 mg mL -1 with increasing 8 fibrin concentration, while for the fibrin/thrombin networks the density increases more strongly, 9 from 40 to 140 mg mL -1 . 10
These results suggest that the presence of the PIC network, which is formed prior to fibrin 11 gelation ( Figure S1 ), leads to fibrin bundles which have intercalating PIC fibers, thus changing the 12 architecture and hence mechanical properties of the fibrin network. A model that can potentially 13 account for these findings is the recent fiber packing structure proposed by Yang 22 and adapted by 14
Yeromonahos 23 , which is depicted in Figure 1E . According to this model, the protofibrils are packed in 15 a crystalline lattice, but gaps where protofibrils are missing introduce disorder. Experimental support 16 for this model comes from small angle X-ray scattering measurements, which revealed a fractal-like 17 disordered scattering pattern combined with broad peaks indicating partial order. 23 Given the 18 marked difference in packing density of the fibers formed under different assembly conditions, we 19 expect that the fibers formed in the presence of PIC are more loosely packed and hence more flexible 20 than in pure fibrin gels. 19 
21
To test whether the differences in network structure affect the mechanics of the fibrin and 22 fibrin/PIC composite hydrogels on the macroscopic scale, we performed shear rheology 23 measurements ( Figure 2 ). Since fibrin and PIC gels individually are both strongly strain-stiffening 24 materials, the stiffness was measured as a function of the applied stress using a pre-stress protocol. 24 
25
The stiffness of these materials is described by the differential modulus K' = δσ/δγ, where σ and γ are 26 the stress and strain respectively. For PIC hydrogels, K' shows two distinct regimes: a linear regime 1 where the stiffness is constant and K' equals the plateau modulus G 0 and a nonlinear regime where 2 the stiffness increases with applied stress as K' ~ σ 3/2 (open circles in Figure 2C ). 15 This 3/2 exponent 3 is associated to the entropic elasticity of semiflexible polymers. 25, 26 The mechanical response of the 4 fibrin gels is more complex: with increasing shear stress, there is a linear regime, which is followed by 5 a strain-stiffening regime, then a second strain-independent regime, and finally another strain-6 stiffening regime (Figure 2A ). This complex behavior was recently shown to originate from the 7 hierarchical architecture of the fibers. 19 The first stiffening regime is entropic in origin and results 8 from pulling out thermal slack from fiber segments between cross-links, while the second stiffening 9 regime is the result of force-induced changes in the molecular packing structure of the fibers. The 10 first stiffening regime shows a stress-dependence of about K' ~ σ 0.8 whilst the second stiffening 11 regime is expected to eventually reach K' ~ σ 3/2 at very high stress 19 (Figure 2A) . 12
The addition of extra thrombin has little effect on the mechanical response of the fibrin gels 13 ( Figure 2C ), and the same K' ~ σ 0.8 relationship as observed for normal fibrin gels was found. The 14 addition of thrombin also has little effect on G 0 ( Figure 2D ) and on the critical stress σ c , where the 15 fibrin gel starts to stiffen ( Figure 2E ). The almost identical macroscopic mechanics are somewhat 16 surprising since the addition of thrombin does change the architecture of the fibrin fibers on the 17 microscopic scale (Figure 1 ). Theoretical models for semi-flexible networks predict that stiffer and 18 more densely packed fibers should lead to stiffer gels with a higher G 0 . 26, 27 The fact that no increase 19 in G 0 was observed can only be explained by a transition from a tight to a more loose fiber regime. the response of the separate fibrin and PIC networks ( Figure 2C ). When the two components are 25 mixed in a 1:1 mass ratio, the stiffening response is similar to that of the single PIC network with K' ~ 26 8 σ 3/2 . However when the fibrin to PIC ratio is increased to 5:1, the nonlinear stress-response is more 1 similar to that of a pure fibrin network, with K' ~ σ 0.8 . This indicates that an applied stress causes 2 deformation of both the fibrin network and the PIC network, which both contribute to the strain-3 stiffening response of the composite material. The presence of PIC also contributes to G 0 of the 4 composite gels and significantly increases σ c . The PIC gels have a critical stress of about 3 Pa, which is 5 higher than for fibrin gels due to the much smaller persistence length of the PIC fibers compared to 6 fibrin fibers. This causes the composite gels to be less sensitive to small stresses than pure fibrin gels. 7
The three different fibrin gels enable us to vary both the bulk mechanics and the fiber 8 architecture of the resulting fibrin networks. Since substrate properties are believed to dictate cell 9 behavior, 30 human mesenchymal stem cell (hMSC) spreading and differentiation on the different gels 10 were studied in two dimensional environments. For cell morphology studies, hMSCs were seeded 11 onto the gels at low cell densities to study cell-matrix interactions and prevent cell-cell signaling. 12
After 24 h incubation, the cells were fixed, actin and nuclear stainings were performed, and the 13 average cell areas were quantified from confocal microscopy images (Figure 3) . Cells on fibrin gels 14 were observed to have an average area of circa 4 x 10 3 µm 2 , whilst cells on substrates with extra 15 thrombin added were observed to spread ~ 50 % more, resulting in average cell areas of about 6 x 16 10 3 µm 2 . In contrast, the spread area of cells on the fibrin/PIC composite gels was significantly 17 reduced. More cells remained round whilst the spread cells had a smaller area, resulting in an 18 average cell area of about half of cells on fibrin (circa 2 x 10 3 µm 2 ). One possible explanation is that 19 cell spreading on fibrin/PIC networks may be restricted because of a limited number of accessible 20 adhesion sites. However, since the hMSCs do spread on the lowest fibrin concentration (1 mg/mL), it 21 is unlikely that the number of available adhesion sites is limiting the spreading in all fibrin/PIC 22 samples (with fibrin concentrations up to 5 mg/mL). It was observed that the hMSC surface area was 23 only weakly dependent on the fibrin concentration. The differences in cell area between the different 24 fibrin networks are much more pronounced. 25 
9
The differentiation of hMSCs into osteoblasts and adipocytes was also studied on the 1 different gels (Figure 4 ). hMSCs were seeded on the 2 and 4 mg mL -1 fibrin samples of the three types 2 of gels. After culturing in mixed adipogenic/osteogenic medium for 10 days, approximately 15 % of 3 the cells had developed into mature adipocytes, as indicated by the Oil Red O staining, independently 4 of the gel type. Differentiation into osteoblasts after culturing for 7 days was similar for both pure 5 fibrin gels and fibrin + extra thrombin gels with ~25 % of the cells staining positive for alkaline 6 phosphatase. In contrast, the presence of PIC in the fibrin gels reduced the differentiation into 7 osteoblasts to only 10 % of the cells. 8 9
Discussion 10
As discussed in the introduction, both bulk and local substrate properties can direct cell behavior. [1] [2] [3] [4] [5] It 11 is therefore interesting to disentangle at what scale matrix mechanics is dominating cell spreading 12 and differentiation in our system. As described above, turbidimetry revealed that the fiber 13 architecture is affected by the presence of PIC and by the addition of extra thrombin to fibrin gels. 14 Bulk rheology measurements showed that the presence of PIC affected the mechanics, whilst the 15 addition of extra thrombin had little effect on both the G 0 and the σ c of the gels. 16
In the experiments described above, differentiation was only affected by the presence of PIC 17 in the fibrin gels. As the plateau modulus of the composite gels is higher than that of the other gels, 18 one may have expected that more cells differentiate into osteoblasts. 31 This was however not 19 observed, indicating that (bulk) mechanical properties are not the only responsible factor. On the 20 other hand, we observed that the hMSCs spread less on fibrin/PIC substrates. Since cell morphology 21 has also been linked to differentiation, 32 it is possible that the limited cell spreading on the 2D 22 fibrin/PIC substrates is preventing the hMSCs to differentiate into osteoblasts. Because the addition 23 of thrombin does affect cell spreading, the bulk rheology alone cannot explain the differences in cell 24 area. The observed trend in the turbidity measurements corresponds to the cell spreading results. On 25 the networks with the largest fiber diameter, the lowest fiber density, and thus the softest bundles 26 (the fibrin/PIC composite) the cells have the smallest average area. The opposite is also true; on the 1 networks with the smallest fiber diameter, the highest fiber density and thus the stiffest bundles (in 2 the fibrin gels with extra thrombin) the average cell area is largest. This strongly suggests that cell 3 spreading is influenced by individual fiber architecture and mechanics, rather than by the material's 4 bulk mechanics. It should be noted that the cells were cultured in a 2D environment, in which cell 5 behavior is not necessarily identical to a 3D environment.
6
In conclusion, two different approaches to modify the structure and mechanics of fibrin gels 7 have been demonstrated. The addition of extra thrombin during gelation increased the density of 8 fibrin fibers but had little effect on the macroscopic mechanics of the fibrin gels. On the other hand, 9 the formation of the fibrin network in the presence of a PIC network resulted in less dense fibrin 10 fibers and a modified macroscopic strain-stiffening response, due to the composite nature of the gel. 11
The overall concentration of fibrin in the gels resulted in a general trend in fiber density and gel 12 stiffness: fibers in standard fibrin gels decreased slightly in diameter and the gels showed increasing 13 stiffness with increasing concentration. The addition of extra thrombin resulted in fibers with 14 strongly increased densities with increasing fibrin concentrations but bulk mechanical properties that 15 matched those of standard fibrin gels. For the fibrin/PIC composite networks little variation in fiber 16 diameters and densities with increasing fibrin concentration was observed, whilst the mechanical 17 properties of the composite gel changed from predominantly PIC-like to predominantly fibrin-like. 18
These series of materials give insight into the effect of the gel morphology and mechanics on hMSC 19 spreading and differentiation. It was found that the average cell area was largest on the bundles with 20 the highest fiber density (fibrin + extra thrombin) and smallest for cells cultured on fibers with the 21 lowest fiber density and thus, presumably, the softest bundles (the fibrin/PIC composite). Since the 22 addition of extra thrombin did not alter the macroscopic strain stiffening response of the gels, the 23 bulk mechanics alone cannot account for the observations. Together with the observation that there 24 was very little variation in cell behavior within a series of gels of increasing fibrin concentration, we 25 conclude that the mechanical properties of individual fibers within these gels likely play an essential 26 role. Future cell studies should therefore take into account both the macroscopic mechanics of the 1 substrate and the role of microscopic properties of the individual fibers. 2 3
Materials and Methods 4
Gel preparation: Fibrin-only gels were prepared by mixing fibrinogen (from bovine plasma; Sigma 5 Aldrich) solutions in PBS with equal volumes of DMEM-Hepes (Gibco) + 10 % FBS (Gibco) + pen/strep 6 to obtain solutions of 1, 2, 3, 4 and 5 mg mL -1 . Gels were obtained after 1 h incubation at 37 °C. In the 7 series with extra thrombin, thrombin (bovine, Sigma Aldrich) was added directly before incubation at 8 37 °C at a final concentration of 0.5 U mL -1 . For the fibrin/PIC composite networks, 2 mg mL 11 Da cm -1 is the mass/length ratio of the protofibril. 35 The fiber density is calculated as 19 µ(πr 2 ) -1 with the assumption that the fibers have a cylindrical shape. 17 For these turbidity 20 measurements, pre-gel solutions were transferred into cuvettes (1 cm path length) and incubated at 21 37 °C for a minumum of 1.5 h. For turbidimetry analysis, the samples were placed in a Lambda 35 22 spectrophotometer (Perkin Elmer), with the temperature set at 37 °C. Turbidity data in the 23 wavelength range of 500-800 nm was analyzed using custom-written MATLAB scripts. 18 For the 24 fibrin/PIC samples, the measurement for a 1 mg mL -1 PIC hydrogel (which has a much lower optical 25 density than the fibrin gels) was subtracted as background so the PIC does not contribute to the 1 scattering data. 2
Rheology: Measurements were performed on a stress-controlled rheometer (Discovery HR-1, 3 TA instruments) in an aluminium parallel-plate geometry with a 40 mm diameter and a 500 µm gap. hour, after which the storage modulus G' was constant. Drying of the sample was prevented by 8 maintaining a humid atmosphere. The nonlinear stiffening regime was studied at T = 37 o C using a 9 pre-stress protocol where the material was subjected to a constant pre-stress σ 0 = 0.1 -800 Pa with a 10 small oscillatory stress superposed at a frequency of ω = 10 -0.1 Hz. The differential modulus K' was 11 independent of frequency. The oscillatory stress was at least 10 times smaller than the applied pre-12
stress. 13
Cell culture and staining: Bone marrow-derived human mesenchymal stem cells (Lonza) were 14 cultured to passage 6 and seeded onto the gels at 1,250 cells cm 
